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SUMMARY  
The aim of this study is to investigate the Neogene chondrichthyan fauna from 
Tropical America, based on the documentation of fossil assemblages from different localities 
of Eastern Pacific and Western Atlantic.  Fifteen new assemblages from the Caribbean 
(Colombia, Panama and Venezuela), Western Atlantic coast (Brazil, in prep.), and Eastern 
Pacific (Ecuador) were studied, and analyses of their associated paleoenvironments were 
presented. In Chapter 1, a brief introduction to the evolutionary history of chondrichthyans, a 
brief survey of the extant and Neogene diversity from Tropical America, and the outline of 
the project are presented.  
The elasmobranch fauna from Eastern Pacific described in Chapter 2, included a 
taxonomic revision of four assemblages from the Miocene-Pleistocene of Ecuador 
(Angostura, Onzole, Canoa and Jama formations of Bordón and Manabí basins), resulting in 
the most diverse paleodiversity known from that region. This study resulted in the description 
of a new deep water species of frilled shark †Chlamydoselachus landinii and other 29 taxa 
with either deep or shallow water affinities, suggesting paleoenvironments associated with a 
short platform shelf bordering a deep margin.  
Chapter 3 describes the elasmobranch fauna of two members of Chagres Formation, 
which is the youngest deposit of the Panama Canal Basin in the Caribbean side. A 
paleodiversity of 30 taxa from both the Rio Indio and Chagres Sandstone Members is 
reported, including 18 new records for Panama and four for Tropical America. The performed 
paleobathymetry analysis from the Rio Indio Member suggests a shallow water environment, 
whereas the assemblage from the Chagres Sandstone Member is dominated by taxa with 
oceanic affinities, suggesting 200-300 m water depths.  
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In Chapter 4, 21 taxa of sharks and rays are reported from the Socorro (Middle 
Miocene), Urumaco (late Miocene) and Codore (late Miocene-early Pliocene) formations 
located in western Venezuela. These geological units correspond to the “Urumaco sequence”, 
one of the most significant vertebrate fossiliferous areas from the Neogene of the Northern 
part of South America. The elasmobranch assemblages include the description of a new 
carcharhiniform species †Carcharhinus caquetius sp. nov., and a detailed taxonomic revision 
of a high number of well-preserved three-dimensional fossil sawfish rostra (Pristis: 
Rajiformes). We referred to the habitat preferences of the living representatives of fossil 
chondrichthyan present in the assemblages to reconstruct marine shallow waters and estuarine 
habitats for this assemblage. 
Chapters 5 and 6 concern the taxonomic description of two elasmobranch assemblages 
of the early Miocene of Colombia and Venezuela, respectively. The assemblage from 
Colombia comes from the Aquitanian deposits of the Uitpa Formation in the La Guajira 
Peninsula, providing a unique glimpse into the Caribbean biodiversity at the onset of the 
Neogene. Thirteen taxa were recovered, and the assemblage was used to conduct a 
paleoenvironmental and paleobathymetric analysis. The estimation of paleobathymetry 
suggests that the Uitpa Formation was likely accumulated in a depth of 100 to 200 m. This 
suggests a rapid increase in relative sea level or basin deepening, providing new insights into 
the possible causes of marine biota changes in the Cocinetas Basin during the 
Oligocene/Miocene transition. The assemblage from Venezuela comes from Burdigalian to 
?early Langhian deposits of the Cantaure Formation, located in the Paraguaná Peninsula.  The 
fauna is characterized by 39 sharks and ray species, including 15 previously unreported taxa 
for Venezuela and six for Tropical America, representing one of most diverse assemblages 
from early Neogene of the Americas. This fauna is characterized by a predominance of 
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benthopelagic sharks with piscivorous feeding preferences, followed by 
durophagous/cancritrophic feeders. Habitat preferences, paleobathymetric analyses, and other 
associated invertebrate and vertebrate assemblages, support the hypothesis that the Cantaure 
Formation was deposited in a high productivity, insular inner-middle shelf environment. 
Preliminary results reveal that throughout the Neogene the chondrichthyan 
paleodiversity of Tropical America has not remained constant, especially in shark genera, in 
both Eastern Pacific and Western Atlantic. In spite of the exponential increase in data 
presented in this thesis, the Neogene record of chondrichthyans is still too incomplete as to 
provide a solid test of the abiotic variables that affected the evolution of these animals. Our 
survey not offers a direct biostratigraphic inference to support any of the timings for the 
definitive closure of the Panama Isthmus. However, clues related with possible consequence 
of “post-Isthmus” environmental changes can be observed. The analysis reveal regional or 
complete extirpation, especially during late Miocene-Pliocene, where at least 18 shark/ray 
taxa (mainly neritic/epipelagic species) from the Eastern Pacific and Western Atlantic were 
affected.  
 
Keywords: Tropical America, Eastern Pacific, Western Atlantic, Caribbean Sea, Brazil, 
Colombia, Ecuador, Panamá, Venezuela, Paleodiversity, Paleoenviroments, Central American 
Seaway, Fossil, Sharks, Rays.  
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ZUSAMMENFASSUNG 
Das Ziel dieser Arbeit ist es die Neogene Chondrichthyes-Fauna aus dem tropischen 
Amerika,  basierend auf der Dokumentierung  von Fossilienvergesellschaftungen aus 
verschiedenen Lokalitäten vom östlichen Pazifik und dem westlichen Atlantik, zu 
untersuchen. Fünfzehn neue Fossilienvergesellschaftungen von der Karibik (Kolumbien, 
Panama und Venezuela),  der westlichen Atlantikküste (Brasilien, in Vorbereitung), und des 
östlichen Pazifiks (Ecuador) wurden untersucht und Analysen ihrer assoziierten Palaeoumwelt 
wurden präsentiert. Eine kurze Einleitung in die Evolutionsgeschichte der Chondrichthyes, 
eine Übersicht über die heutige und die Neogene Diversität des tropischen Amerikas und ein 
Umriss über das gesamte Projekt werden in Kapitel 1 dieser Arbeit gegeben.  
Die in Kapitel 2 beschriebene Elasmobranchier-Fauna aus dem östlichen Pazifik 
beinhaltete die taxonomische Revidierung von vier Fossilienvergesellschaftungen aus dem 
Miozän-Pleistozän von Ecuador (Angostura-, Onzole-, Canoa- und Jama-Formation aus dem 
Bordón-, respektive Manabí-Becken) und resultierte in der höchsten Palaeodiversität aus 
dieser Region. Aus dieser Arbeit resultierte die Beschreibung einer neuen Tiefseeart der 
Kragenhaie †Chlamydoselachus landinii und 29 zusätzlichen Taxa mit Affinitäten zu 
entweder Tiefen- oder Flachwasser. Diese Affinitäten weisen auf ein Kontinentalhang-
Environment hin.  
In Kapitel 3 wird die Elasmobranchier-Fauna aus zwei Members der Chagres-
Formation, welche die jüngste Ablagerung des Panamkanal-Beckens auf der karibischen Seite 
ist, beschrieben. Die Palaeodiversität bestand aus 30 Taxa vom Rio Indio und dem Chagres 
Sandstone Member und beinhaltete 18 neue Taxa von Panama und vier neue Taxa aus dem 
tropischen Amerika. Die Analyse der Palaeobathymetrie von der Rio Indio Member deutete 
auf ein Flachwasser-Environment hin, während die Fossiliengemeinschaft aus dem Chagres 
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Sandstone Member von Taxa mit ozeanischen Affinitäten dominiert wurde und auf eine 
Wassertiefe von 200 bis 300 Meter hindeutete.  
In Kapitel 4 wurde von 21 Hai- und Rochen-Taxa aus der Socorro- (mittleres Miozän), 
Urumaco- (spätes Miozän) und Codore- (spätes Miozän-frühes Pliozän) Formation aus dem 
Westen Venezuelas berichtet. Diese geologische Einheit entspricht der "Urumaco Sequenz", 
welche eine der fossilienreichsten Gebiete des Neogens aus dem nördlichen Südamerika ist. 
Basierend auf der Elasmobranchier-Fauna wurde eine neue Art der Carcharhiniformes 
†Carcharhinus caquetius sp. nov. beschrieben und die Taxonomie der Sägefische (Pristis: 
Rajiformes) anhand von vielen dreidimensional erhaltenen Rostren detailliert revidiert. 
Anhand der Habitatspräferenzen von heute noch lebenden Vertretern, die in den 
Fossilienvergesellschaftungen vorkamen, konnte ein marines Flachwasser und estuarines 
Habitat rekonstruiert werden.  
Kapitel 5 und 6 befassen sich mit der taxonomischen Beschreibung von zwei fossilen 
Elasmobranchier-Vergesellschaftungen aus dem frühen Miozän von Kolumbien und 
Venezuela. Das Material aus Kolumbien stammt aus den Aquitanium-Ablagerungen von der 
Uitpa Formation in der La Guajira Peninsula und gibt einen einzigartigen Einblick in die 
karibische Biodiversität zu Beginn des Neogens. Dreizehn Taxa wurden gefunden und das 
Palaeoenvironment und die Palaeobathymetrie wurden anhand der 
Fossilienvergesellschaftungen analysiert. Die Schätzung der Palaeobathymetrie deutet darauf 
hin, dass die Uitpa Formation in einer Tiefe von 100 bis 200 Metern akkumuliert wurde. Dies 
deutet auf einen schnellen Anstieg des relativen Meeresspiegels oder eines Absenkens des 
Beckens hin, was zu neuen Erkenntnissen über die möglichen Ursachen der Veränderungen in 
der marinen Biota im Cocinetas-Becken während des Oligozän/Miozän-Übergangs führt. Die 
Fossilienvergesellschaftungen aus Venezuela stammt aus den Burdigalium bis ?frühen 
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Langhien-Ablagerungen der Cantaure Formation, welche sich in der Paraguaná Peninsula 
befindet. Die Fauna ist charakterisiert durch 39 Hai-und Rochenarten, inklusive 15 zuvor 
unbekannten Taxa aus Venezuela, respektive sechs aus dem tropischen Amerika und 
repräsentieren somit eine der diversesten Fossilienvergesellschaftungen aus dem frühen 
Neogen von ganz Amerika. Die Fauna ist charakterisiert durch die Dominanz von 
benthopelagischen Haien mit piscivoren Nahrungspräferenzen, gefolgt von 
durophagen/cancritrophen Haiarten. Habitatspräferenzen, palaeobathymetrische Analysen und 
assoziierte Invertebraten- und Vertebraten-Vergesellschaftungen unterstützen die Hypothese, 
dass die Cantaure Formation in einem hochproduktiven,  Inselähnlichem Environment 
abgelagert wurde.     
Die vorläufigen Resultate dieser Arbeit zeigen, dass die Palaeodiversität der 
Chondrichthyes des tropischen Amerikas, besonders die Haigattungen im östlichen Pazifik 
und westlichen Atlantik, während des Neogens nicht konstant geblieben sind. Trotz des 
exponentiellen Anstiegs der Daten, die in dieser Arbeit präsentiert werden, ist der 
Fossilbericht der Neogenen Knorpelfische immer noch zu lückenhaft um einen solide 
Überprüfung der abiotischen Faktoren, die die Evolution dieser Tiere beeinflusst hat, zu 
liefern. Aus unserer Untersuchung lässt sich kein direkter biostratigraphischer Rückschluss 
ziehen um den Zeitpunkt der definitiven Schliessung des Panama Isthmus zu bestätigen. 
Jedoch konnten mögliche Konsequenzen durch die "post-Isthmus" Umweltveränderungen 
beobachtet werden. Die Analyse weist auf ein regionales oder vollständiges Aussterben von 
Taxa im tropischen Amerika hin:  Besonders während des späten Miocene-Pliocene 
verschwanden mindestens 18 Hai- und Rochen-Taxa (hauptsächlich neritische/epipelagische 
Arten) aus dem östlichen Pazifik und dem westlichen Atlantik.  
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Schlüsselworte: Tropisches Amerika, östlicher Pazifik, westlicher Atlantik, karibisches Meer, 
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Tiger shark Galeocerdo cuvier. Artwork: Jorge González, 2015 
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1. Introduction  
1.1 A brief introduction to the evolutionary history and extant diversity of 
chondrichthyans 
 
 Living chondrichthyan diversity is composed of thirteen ‘orders’ (Figure 1), separated 
in two big groups, the Elasmobranchii, that includes sharks and rays, and the Holocephali, 
represented exclusively by the chimaeras (Compagno et al., 2005a; Klimley, 2013). With a 
worldwide distribution, in both freshwater and marine environments, this diversity has been 
referred to 503 species of sharks, 699 species of rays and 49 species of chimaeras (Klimley, 
2013). In the future more species are likely to be discovered as the deep waters of the world’s 
oceans become better explored. 
 
 
 
 
 
 
 
 
 
Figure 1. Diversity and phylogenetic hypothesis of living chondrichthyans. Based on Naylor et al. 
(2012), Aschliman et al. (2012), and Klimley (2013).  
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The chondrichthyan evolutionary history may have undergone two major episodes of 
adaptive radiation (Figure 2), the first during late Silurian and Devonian (Brazeau and 
Friedman, 2015), resulting in sharks that broadly resemble modern genera but with a more 
plesiomorphic skeleton (Carroll, 1988). By the early Carboniferous, chondrichthyans 
underwent a second major radiation process, where many ‘families’ and major clades 
appeared, including holocephalans (Jong, 2011; Brazeau and Friedman, 2015). This radiation 
continued throughout the Mesozoic; by the end of this era most of the modern chondrichthyan 
‘orders’ had appeared (e.g. Jong, 2011; Cappetta, 2012). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Stratigraphic range of major chondrichthyan clades (‘orders’). Based on Stahl (1999), Ginter 
(2010), and Cappetta (2012). 
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The evolution of chondrichthyans is documented paleontologically principally by 
fossil vertebrae, teeth, spines and dermal denticles, besides some exceptionally preserved 
specimens consisting of cranial elements or the whole body. The earliest fossil evidence of 
chondrichthyans is in the form of isolated dermal denticles, specimens found in rock deposits 
of the late Ordovician period (Figure 1), with an age of 455 million years ago (Ma.) (Maisey, 
1996; Cuny, 2013; Klimley, 2013). According to Jong (2011), the fact these dermal denticles 
occur in this time without associated fossilized teeth, suggest that these early “protosharks” 
may not necessarily have had teeth. First shark teeth appear in the fossil record at the 
beginning of the Devonian period (418 Ma.), and they were clearly derived from dermal 
denticles, which had become concentrated by this time along the margin of the jaw (Klimley, 
2013, p. 15).  
 
1.2 The Neogene marine chondrichthyan faunas from Tropical America 
 
The “Neogene” is a geological period which following the International Commission 
on Stratigraphy (ICS) began about 23 Ma. and ended 2.58 Ma.; it is sub-divided into two 
epochs, the Miocene and Pliocene (Figure 2). This period was a time when the world climate 
was warmer, producing for example sea level changes (Zachos et al., 2001). At the time, the 
America landmass had a similar geographic position to the recent one (Santos et al., 2004), 
but the northern and southern continental masses were separated by a connection between the 
Pacific and Atlantic Oceans called the “Central America Seaway” (Montes et al., 2012; 
Coates and Stallard, 2013).  At the end of the Neogene, large scale geological processes, 
including the closure of the Central American Seaway and the rise of the Panamanian Isthmus 
(Figure 2), were completed (Woodburne, 2010; Montes et al., 2012, 2015; Coates and 
Stallard, 2013). This resulted in a massive terrestrial faunal exchange between North America 
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and South America, the Great American Biotic Interchange (Woodburne, 2010, Carrillo et al., 
2015). The land bridge played also the role of a marine barrier, inducing environmental 
changes on the Pacific and Atlantic oceans, creating contrasting ecosystems through 
differential extinction and diversification, especially in the Tropical America region (Leigh et 
al., 2014).  
 
 
 
 
 
 
 
 
 
Figure 2. Neogene chronostratigraphy (A) and the rise of the Isthmus of Panama (B); based on 
International Chronostratigraphic Chart 2015 (http://www.stratigraphy.org/index.php/ics-chart-
timescale), and modified after Carrillo-Briceño (2015) and based on O’Dea et al. (2007b); 
respectively. 
 
Tropical America (Neotropics) refers here to the geographical continental and marine 
areas of the western hemisphere located between the Tropic of Cancer (23° 27' N) and the 
Tropic of Capricorn (23° 27′ S) (Figure 3). This vast marine region is environmentally 
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heterogenic and ecologically complex, supporting a high marine diversity (e.g. Miloslavich et 
al., 2011). Marine areas of Tropical America have a well-known chondrichthyan diversity in 
both Eastern Pacific and Western Atlantic zones, which represents a valuable commercial 
resource (Carpenter, 2002; Compagno et al., 2005b; Fowler et al., 2005). The known Tropical 
America’s extant chondrichthyan diversity is characterized by a total of 276 species of 
chimaeras, sharks and rays (Eastern Pacific: 145 spp.; Western Atlantic 181 spp.), 
representing the highest for the group in the Americas (Figure 3). Comparing the Eastern 
Pacific and Western Atlantic, a clear differential pattern emerge (Figure 4). This pattern was 
surely influenced by the geological and oceanographic events that occurred in the region after 
the final closure of the Isthmus of Panama (e.g. O'Dea et al., 2007a; Coates, and Stallard, 
2013; Leigh et al., 2014). 
 
 
 
 
 
 
 
 
 
Figure 3. Tropical America and chondrichthyan diversity of the Americas. Total number of species 
include chimaeras, sharks and rays. From Carrillo-Briceño and Sánchez-Villagra (in prep). 
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Figure 4. Chondrichthyan diversity of Tropical America. A. Total number of species by ‘orders’. B. 
Shared/Unshared genera and species in both the Eastern Pacific and Western Atlantic. From Carrillo-
Briceño and Sánchez-Villagra (in prep). 
 
The origin and distribution pattern of this Tropical America chondrichthyan diversity 
is still somewhat uncertain, in part due to the fragmentary and incompletely studied Neogene 
fossil record. Some previous works have made contributions to document fossil 
chondrichthyan palaeodiversity  from Tropical America, with described assemblages from: 
Barbados (Casier, 1958, 1966), Brazil (Santos and Travassos, 1960; Santos and Salgado, 
1971; Reis, 2005; Costa et al., 2009),  Costa Rica (Laurito, 1999); Cuba (Iturralde-Vinent et 
al., 1996; MacPhee et al., 2003), Southern Mexico (González-Rodríguez et al., 2013), Panama 
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(Pimiento et al., 2013a, 2013b), Peru (Kindlimann, 1990; Alván et al., 2007), Trinidad 
(Leriche, 1938), The Grenadines (Portell et al., 2008) and Venezuela (Leriche, 1938; 
Sánchez-Villagra et al., 2000; Aguilera, 2010; Aguilera and Rodrigues de Aguilera, 2004; 
Aguilera and Lundberg, 2010). 
 
1.3 Chondrichthyan dental characters and the used terminology 
 
Teeth, dermal denticles, vertebrae, fin spines, rostra, among other hard elements, are 
common in the fossil record of chondrichthyans. Due to the fact that selachians have a 
polyphyodont dentition, in which dental elements are replaced throughout life (Klimley, 2013; 
Pough et al., 2013), teeth are usually the most common chondrichthyan remains found in 
Neogene rocks (e.g. Cappetta, 2012), and their role as diagnostic elements allows for accurate 
taxonomic comparisons. Shark and ray teeth chemical composition is similar to that of dermal 
denticles, consisting mainly of mineralized tissue, dentine, interspersed with blood vessel and 
surrounded by highly mineralized enameloid on the crown of the tooth (Klimley, 2013). 
Tooth development and replacement in sharks and rays have been the subject of many studies 
(e.g. Cappetta, 2012, p. 10), and the study of their morphological changes in geological time 
provide the basis understanding of the evolution of these diverse fish groups (Underwood et 
al., 2015). 
There are diagnostic characters for identifications of an isolated tooth based on its 
morphology, including size, shape and thickness of the crown and root (Cappetta, 2012). 
Taking under consideration dental characters in chondrichthyans can serve for generic and 
specific identifications. Some exceptions where taxonomic problems cannot be solved include 
a poor preservation of the fossil specimens and/or the biases or uncertainties resulting from 
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ontogenetic variation or jaw position. In the studied assemblages from Tropical America, the 
fossil samples are represented mainly by isolated teeth. Some other fossil elements, such as 
sawfish rostra (including rostral denticles), vertebrae and dermal denticles were also found in 
a minor proportion. The dental terminology (including measurements, heterodonty, adaptative 
dental types, root vascularization, jaw position and tooth histology) used to describe these 
assemblages from tropical America, follows Cappetta (2012).  
 
1.4 Aims and overview 
 
The extant Tropical America’s chondrichthyan diversity (Figures 3-4) must have 
greatly affected by environmental changes occurring in both Eastern Pacific and Western 
Atlantic regions after the definitive closure of the Panana Isthmus at the end of the Neogene 
(e.g. O’Dea et al., 2007a; Coates and Stallard, 2013). This land-bridge played an important 
role as a marine barrier, probably inducing to a regional or completes extirpation and or 
extinctions of many chondrichthyan taxa, as well as the origin of species adapted to the new 
environmental conditions. To understand the current diversity, two important questions are 
postulated:  a) what was the chondrichthyan paleodiversity in Tropical America before and 
after the rise of the Panama Isthmus? b) Did the new marine post-isthmus environmental 
differences in both oceans played an important role for chondrichthyan divergence and 
speciation? Despite all previous efforts in the study of the fossil chondrichthyans from 
Tropical America, still the lack of a solid paleontological documentation does not allow for an 
understanding of the impact of these regional ecological and biogeographic changes (e.g. 
O’Dea et al., 2007a; Coates and Stallard, 2013; Montes et al., 2015). 
26 
 
The aim of this study is to investigate the Neogene chondrichthyan fauna from 
Tropical America, based on the documentation of fossil assemblages with shallow and deep-
water affinities from both sides of the Panamanian Isthmus. We studied fifteen new 
chondrichthyan assemblages from the Caribbean (Colombia, Panama and Venezuela), 
Western Atlantic coast (Brazil, in prep.), and Eastern Pacific (Ecuador), presenting a 
comprehensive interpretation of their associated paleoenvironments. 
In chapter 2, a taxonomic revision of four elasmobranch assemblages from the 
Miocene-Pleistocene of Ecuador (Angostura, Onzole, Canoa and Jama formations of Bordón 
and Manabí basins) is provided, resulting in the most diverse paleodiversity known from the 
Eastern Pacific coast of Tropical America. This study reveals the presence of at least 30 taxa, 
including species with deep and shallow waters affinities which suggest paleoenvironments 
associated with a short platform shelf bordering a deep margin. The new deep water species 
†Chlamydoselachus landinii sp. nov. was described. 
Chapter 3 includes the description of two new assemblages from both the Rio Indio 
and Chagres Sandstone Members of the Chagres Formation. This unit corresponds with 
youngest deposits of the Panama Canal Basin, and their paleodiversity includes 18 new fossil 
records for Panama and four for Tropical America. Herein it is presented a comprehensive 
interpretation of the paleoenvironments of assemblages of the Chagres Formation, for which a 
paleobathymetry analysis based on the modern water depth preference of extant 
chondrichthyan taxa  was performed. The assemblage from the Rio Indio Member is 
characterized by taxa with neritic affinities, suggesting depths <100 m, whereas the 
assemblage from the Chagres Sandstone Member is dominated by taxa with oceanic affinities, 
suggesting 200-300 m water depths. 
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Chapter 4 is concerned with one of the most significant vertebrate fossiliferous areas 
from the Neogene of the Northern part of South America “The Urumaco sequence”. This 
stratigraphic sequence is located in western Venezuela, and preserves a wide range of fossil 
vertebrate associated to different paleoenvironments including terrestrial, riverine, lacustrine 
and marine facies. Herein, 21 taxa of sharks and rays were referred from the Socorro (Middle 
Miocene), Urumaco (late Miocene) and Codore (late Miocene-early Pliocene) formations. 
The assemblages include the description of a new carcharhiniform species †Carcharhinus 
caquetius sp. nov. The high number of well-preserved 3D fossil sawfish rostra (Pristis: 
Rajiformes), allowed a detailed taxonomic revision of these specimens, referring those in the 
context of the global Miocene record of Pristis as well as extant species. Using the habitat 
preference of the living representatives, fossil chondrichthyan assemblages from the Urumaco 
sequence are evidence for marine shallow waters and estuarine habitats. 
Chapter 5 comprises the first taxonomic description for a chondrichthyan assemblage 
from Colombia. This elasmobranch assemblage is coming from the earliest Miocene 
(Aquitanian) deposits of the Uitpa Formation in the La Guajira Peninsula, providing a unique 
glimpse into the Caribbean biodiversity at the onset of the Neogene. Thirteen taxa were 
recovered, and the assemblage was used to conduct a paleoenvironmental and 
paleobathymetric analysis. The estimation of paleobathymetry suggests that the Uitpa 
Formation was likely accumulated in a depth of 100 to 200 m. This suggests a rapid increase 
in relative sea level or basin deepening, providing new insights into the possible causes of 
marine biota changes in the Cocinetas Basin during the Oligocene/Miocene transition. 
Chapter 6 continues the description of assemblages from southern Caribbean, this time 
with a focus in the Cantaure Formation (Burdigalian to ?early Langhian), Western Venezuela.  
Here a taxonomic study of the elasmobranch fauna and their significance for 
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paleoenvironmental and paleoecological inferences is presented.  The assemblage is 
represented by 39 shark and ray species, including 15 previously unreported taxa for 
Venezuela and six for Tropical America, Cantaure being  thus one of most diverse 
assemblages from early Neogene of the Americas.  The fauna is characterized by a 
predominance of benthopelagic sharks with piscivorous feeding preferences, followed by 
durophagous/cancritrophic feeders. Habitat preferences, paleobathymetric analyses, and other 
associated invertebrate and vertebrate assemblages, support the hypothesis that the Cantaure 
Formation was deposited in a high productivity, insular inner-middle shelf environment. 
 
References 
Aguilera, O.A. 2010. Peces Fósiles del Caribe de Venezuela. Gorham Printing, Washington. 
Aguilera, O.A., and Rodrigues de Aguilera, D. 2004. Giant-toothed White Sharks and Wide-
toothed Mako (Lamnidae) from the Venezuela Neogene: Their Role in the Caribbean, 
Shallow-water Fish Assemblage. Caribbean Journal of Science, 40(3):368-382. 
Aguilera, O.A., and Lundberg, J.G. 2010. Venezuelan Caribbean and Orinocoan Neogene 
fish, p. 129-152. In Sánchez-Villagra, M.R., Aguilera, O.A., and Carlini, F. (eds.), 
Urumaco and Venezuelan Paleontology. Indiana Press University, Bloomington. 
Alván, A., Apolín, J., and Chacaltana, C. 2006. Los dientes de seláceos (Chondrichthyes) y su 
aplicación estratigráfica en la lomas de Ullujaya (Ica-Perú). In Perú, S.G.P. (ed.), XIII 
Congreso Peruano de Geología, Lima, 17-20 octubre, 2006, pp. 595-598. 
Aschliman, N.C., Claeson, K.M., and McEachran, J.D. 2012. Phylogeny of Batoidea, p. 57-
95. In Carrier, J.C., Musick, J.A., and Heithaus, M.R. (eds.), Biology of Sharks and 
Their Relatives. CRC Press, Taylor & Francis Group, Boca Raton, Florida. 
29 
 
Brazeau, M.D., and Friedman, M. 2015. The origin and early phylogenetic history of jawed 
vertebrates. Nature, 520(7548):490-497. 
Cappetta, H. 2012. Chondrichthyes. Mesozoic and Cenozoic Elasmobranchii: Teeth. 
Handbook of Paleoichthyology, 3E. Verlag Dr. Friedrich Pfeil, Munich.  
Carpenter, K.E. 2002. The living marine resources of the Western Central Atlantic, Volume 1: 
Introduction, molluscs, crustaceans, hagfishes, sharks, batoid fishes and chimaeras. 
FAO Species Identification Guide for Fishery Purposes and American Society of 
Ichthyologists and Herpetologists Special Publication No. 5, Rome. 
Carrillo-Briceño, J.D. 2015. Bestias Prehistóricas de Venezuela “Colosos de la Edad de 
Hielo”. Río Verde, Caracas. 
Carrillo, J.D., Forasiepi, A., Jaramillo, C., and Sánchez-Villagra, M.R. 2015. Neotropical 
mammal diversity and the Great American Biotic Interchange: spatial and temporal 
variation in South America's fossil record. Frontiers in Genetics, 5. 
Carroll, R.L. 1988. Vertebrate Paleontology and Evolution. W.H. Freeman and Company, 
New York. 
Casier, E. 1958. Contribution á l’étude des poissons fossiles des Antilles. Mémoire Suisse de 
Paléontologie, 74:1-95. 
Casier, E. 1966. Sur la faune ichthyologique de la Formation de Bissex Hill et de la Série 
océanique, de l'Ile de la Barbade, et sur l'âge de ces formations. Eclogae Geologicae 
Helvetiae, 59:493-516. 
Coates, A.G., and Stallard, R.F. 2013. How old is the Isthmus of Panama? . Bulletin of 
Marine Sciences 89(4):801–813. 
30 
 
Compagno, L.J.V., Dando, M., and Fowler, S. 2005a. Sharks of the World. Princeton 
University Press, Princeton.  
Compagno, L.J.V., Didier, D.A., and Burgess, G.H. 2005b. Classification of Chondrichthyan 
Fish, p. 4-11. In Fowler, S.L. et al. (eds.), Sharks, Rays and Chimaeras: The Status of 
the Chondrichthyan Fishes. IUCN/ SSC Shark Specialist Group. IUCN, Gland, 
Switzerland and Cambridge, UK. 
Costa, S.A.F., Richter, M., Toledo, P.M., and Moraes-Santos, H.M. 2009. Shark teeth from 
Pirabas formation (Lower Miocene), northeastern Amazonia, Brazil. Boletin do Museo 
Paraense Emílio Goeldi, Ciencias Naturais 4:221-230. 
Cuny, G. 2013. Requins -De la préhistoire à nos jours. Belin, Paris. 
Fowler, S.L., Cavanagh, R.D., Camhi, M., Burgess, G.H., Cailliet, G.M., Fordham, S.V., and 
A, S.C. 2005. Sharks, Rays and Chimaeras: The Status of the Chondrichthyan Fishes. 
IUCN/SSC Shark Specialist Group, Gland, Switzerland and Cambridge, UK. 
Ginter, M., Hampe, O., and Duffin, C.J. 2010. Chondrichthyes, Paleozoic Elasmobranchii: 
Teeth. Handbook of Paleoichthyology, 3D. Verlag Dr. Friedrich Pfeil, Munich. 
González-Rodríguez, K.A., Espinosa-Arrubarrena, L., and González-Barba, G. 2013. An 
overview of the Mexican fossil fish record, p. 9-34. In Arratia, G., Schultze, H.P., and 
Wilson, M.V.H. (eds.), Mesozoic Fishes 5 – Global Diversity and Evolution. Verlag 
Dr. Friedrich Pfeil, München, Germany. 
Iturralde-Vinent, M.A., Hubbell, G., and Rojas, R. 1996. Catalogue of Cuban fossil 
Elasmobranchii (Paleocene to Pliocene) and paleogeographic implications of their 
31 
 
lower to middle Miocene occurrence. Boletín de la Sociedad Jamaicana de Geología 
31:7-21. 
Jong, J.A. 2011. The rise of the fishes. 500 million years of evolution, The Johns Hopkins 
University Press, Baltimore. 
Kindlimann, R. 1990. Selacios del Terciario Tardío de Sacaco, Departamento de Arequipa. 
Boletín de Lima 69:91-95. 
Klimley, P.A. 2013. The biology of sharks and rays. The University of Chicago Press, 
Chicago.  
Laurito, C.A. 1999. Los seláceos fósiles de la localidad de Alto Guayacán (y otros ictiolitos 
asociados), Mioceno superior-Plioceno inferior de la Formación Uscari, provincia de 
Limón, Costa Rica. Laurito, C. (Ed.), San José. 
Leigh, E.G., O'Dea, A., and Vermeij, G.J. 2014. Historical biogeography of the Isthmus of 
Panama. Biological Reviews, 89(1):148-172. 
Leriche, M. 1938. Contribution à L’étude des Poissons fossils des pays riverains de la 
Méditerranée américaine, Venezuela, Trinité, Antiles, Mexique. Mémoires de la 
Sociéte paléontologique du Suisse 61:1-52. 
MacPhee, R.D.E., Iturralde-Vinent, M.A., and Gaffney, E.S. 2003. Domo de Zaza, an Early 
Miocene vertebrate locality in South-Central Cuba, with notes on the tectonic 
evolution of Puerto Rico and the Mona Passage. American Museum Novitates, 
3394:1-42. 
Miloslavich, P., Klein, E., Díaz, J.M., Hernández, C.E., Bigatti, G., Campos, L., Artigas, F., 
Castillo, J., Penchaszadeh, P.E., Neill, P.E., Carranza, A., Retana, M.V., Díaz de 
32 
 
Astarloa, J.M., Lewis, M., Yorio, P., Piriz, M.L., Rodríguez, D., Yoneshigue-Valentin, 
Y., Gamboa, L., and Martín, A. 2011. Marine Biodiversity in the Atlantic and Pacific 
Coasts of South America: Knowledge and Gaps. PLoS ONE, 6(1):e14631. 
Montes, C., Cardona, A., McFadden, R., Morón, S.E., Silva, C.A., Restrepo-Moreno, S., 
Ramírez, D.A., Hoyos, N., Wilson, J., and Farris, D. 2012. Evidence for middle 
Eocene and younger land emergence in central Panama: implications for Isthmus 
closure. Geological Society of America Bulletin, 124(5-6):780-799. 
Montes, C., Cardona, A., Jaramillo, C., Pardo, A., Silva, J.C., Valencia, V., Ayala, C., Pérez-
Angel, L.C., Rodriguez-Parra, L.A., Ramirez, V., and Niño, H. 2015. Middle Miocene 
closure of the Central American Seaway. Science, 348(6231):226-229. 
Maisey, J.G. 1996. Discovering fossil fishes. Henry Holt and Company, New York. 
Naylor, G.J.P., Caira, J.N., Jensen, K., Rosana, K.A.M., Straube, N., and Lakner, C. 2012. 
Elasmobranch Phylogeny: A Mitochondrial Estimate Based on 595 Species, p. 31-56. 
In Carrier, J.C., Musick, J.A., and Heithaus, M.R. (eds.), Biology of Sharks and Their 
Relatives. CRC Press, Taylor & Francis Group, Boca Raton, Florida. 
O'Dea, A., Jackson, J.B.C., Fortunato, H., Smith, J.T., D'Croz, L., Johnson, K.G., and Todd, 
J.A. 2007a. Environmental change preceded Caribbean extinction by 2 million years. 
Proceedings of the National Academy of Sciences, 104(13):5501-5506. 
O'Dea, A., Rodríguez, F., De Gracia, C., and Coates, A.G. 2007b. Patrimonio paleontológico: 
La paleontología marina en el Istmo de Panamá. Canto Rodado: Revista especializada 
en patrimonio, 2:149-179. 
33 
 
Pimiento, C., González-Barba, G., Hendy, A.J.W., Jaramillo, C., MacFadden, B.J., Montes, 
C., Suarez, S.C., and Shippritt, M. 2013a. Early Miocene chondrichthyans from the 
Culebra Formation, Panama: A window into marine vertebrate faunas before closure 
the Central American Seaway. Journal of South American Earth Sciences, 42:159-170. 
Pimiento, C., González-Barba, G., Ehret, D.J., Hendy, A.J., MacFadden, B.J., and Jaramillo, 
C. 2013. Sharks and rays (Chondrichthyes, Elasmobranchii) from the late Miocene 
Gatun Formation of Panama. Journal of Paleontology, 87(5):755-774. 
Portell, R.W., Hubbell, G., Donovan, S.K., Green, J.L., Harper, D.A., and Pickerill, R. 2008. 
Miocene sharks in the Kendeace and Grand Bay formations of Carriacou, The 
Grenadines, Lesser Antilles. Caribbean Journal of Science, 44(3):279-286. 
Pough, F.H., Janis, C.M., and Heiser, J.B. 2013. Vertebrate Life. Pearson, Glenview.  
Reis, M.A.F.d. 2005. Chondrichthyan fauna from the Pirabas Formation, Miocene of northern 
Brazil, with comments on paleobiogeography. Anuário do Instituto de Geociências, 
28(2):31-58. 
Sánchez-Villagra, M.R., Burnham, R.J., Campbell, D.C., Feldmann, R.M., Gaffney, E.S., 
Kay, R.F., Lozsán, R., Purdy, R., and Thewissen, J.G.M. 2000. A New Near-Shore 
Marine Fauna and Flora from the Early Neogene of Northwestern Venezuela. Journal 
of Paleontology, 74(5):957-968. 
Santos, R.S., and Travassos, H. 1960. Contribuicão à Paleontologia do estado do Pará. Peixes 
fósseis da Formacão Pirabas. Monografia, 16. Minísterio da Agricultura, 
Departamento Nacional da Produção Mineral,  Divisao de Geologia e Mineralogia Rio 
de Janeiro. 
34 
 
Santos, R.S., and Salgado, M.S. 1971. Contribuição à paleontologia do estado do Pará. Novos 
restos de peixes da Formação Pirabas. Boletim do Museu Paraense Emílio Goeldi, 
16:1-13. 
Smith, A.G., Smith, D.G., and Funnell, B.M. 2004. Atlas of Mesozoic and Cenozoic 
coastlines. Cambridge University Press, Cambridge. 
Stahl, B.J. 1999. Chondrichthyes III: Holocephali. Handbook of Paleoichthyology, 4. Verlag 
Dr. Friedrich Pfeil, Munich. 
Underwood, C.J., Johanson, Z., Welten, M., Metscher, B., Rasch, L.J., Fraser, G.J., and 
Smith, M.M. 2015. Development and Evolution of Dentition Pattern and Tooth Order 
in the Skates And Rays (Batoidea; Chondrichthyes). PLoS ONE, 10(4):e0122553. 
Woodburne, M.O. 2010. The Great American Biotic Interchange: Dispersals, Tectonics, 
Climate, Sea Level and Holding Pens. Journal of Mammalian Evolution, 17(4):245-
264. 
Zachos, J.C., Shackleton, N.J., Revenaugh, J.S., Pälike, H., and Flower, B.P. 2001. Climate 
Response to Orbital Forcing Across the Oligocene-Miocene Boundary. Science, 
292(5515):274-278. 
 
 
 
 
 
 
 
35 
 
 
CHAPTER 2 
 
 
Fossil Chondrichthyes from the central Eastern Pacific Ocean and 
their paleoceanographic significance 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Frilled shark †Chlamydoselachus landinii 
 
 
36 
 
51 
 
 
CHAPTER 3 
 
 
A new Late Miocene chondrichthyan assemblage from the Chagres 
Formation, Panama 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cookiecutter shark Isistius sp. 
 
 
 
52 
 
67 
 
 
CHAPTER 4 
 
 
Sawfishes and Other Elasmobranch Assemblages from the Mio-
Pliocene of the South Caribbean (Urumaco Sequence, Northwestern 
Venezuela) 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
“Big tooth” †Carcharocles megalodon 
 
 
68 
 
69 
 
70 
 
71 
 
72 
 
73 
 
74 
 
75 
 
76 
 
77 
 
78 
 
79 
 
80 
 
81 
 
82 
 
83 
 
84 
 
85 
 
86 
 
87 
 
88 
 
89 
 
90 
 
91 
 
92 
 
93 
 
94 
 
95 
 
96 
 
97 
 
98 
 
99 
 
100 
 
101 
 
 
102 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
103 
 
 
CHAPTER 5 
 
 
A new early Miocene (Aquitanian) Elasmobranchii assemblage from 
the La Guajira Peninsula, Colombia 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Kitefin shark Dalatias cf. licha 
 
 
 
104 
 
127 
 
 
CHAPTER 6 
 
 
An Early Neogene Elasmobranch fauna from the southern Caribbean 
(Western Venezuela) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Devil ray †Mobula fragilis 
 
 
 
128 
 
129 
 
130 
 
131 
 
132 
 
133 
 
134 
 
135 
 
136 
 
137 
 
138 
 
139 
 
140 
 
141 
 
142 
 
143 
 
144 
 
145 
 
146 
 
147 
 
148 
 
149 
 
150 
 
151 
 
152 
 
153 
 
154 
 
155 
 
156 
 
157 
 
158 
 
159 
 
 
160 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
161 
 
 
CHAPTER 7 
 
 
Conclusions and future perspectives 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
162 
 
Conclusions and future perspectives  
This dissertation, as a whole, with the description and publication of eleven 
elasmobranch assemblages from the Caribbean region (Colombia, Panama and Venezuela) 
and Eastern Pacific (Ecuador), plus the ongoing description of four more assemblages from 
the early Miocene of Colombia and Brazil (e.g. Carrillo-Briceño et al., and Aguilera et al., 
both in prep.), capitalizes on long-term, previous fieldwork efforts, providing new insights of 
the chondrichthyan paleodiversity inhabiting Tropical America during the Neogene. The new 
assemblages document shallow and deep-water habitats. Among the finding are 17 taxa 
reported for the first time for Tropical America. Fossil remains of chimaeras (Holocephali) 
were not found in our assemblages, being until now the record of Chimaera sp. from the late 
Miocene-Pliocene of Costa Rica (Laurito, 2008) and Callorhinchus cf. C. callorhinchus from 
the Pliocene of Peru (De Muizon and Devries, 1985), the only representatives of this group 
known from the Neogene of Tropical America. The comprehensive interpretation about 
habitat and biology of the living counterpart taxa of the fossil ones presented in the studied 
assemblages was the tool used for the understanding of the paleoecological and the 
paleoenvironmental conditions of these geologic units. 
Previous to this contribution, knowledge about chondrichthyan assemblages of deep-
water affinities from Tropical America was very limited, with only general descriptions from 
the late Miocene-Pliocene of Costa Rica and Venezuela (Laurito, 1999; Aguilera and 
Rodriguez de Aguilera, 2001). Thus the novelty in this work represented by the description of 
new faunas associated with deep-water affinities from Colombia (Uitpa Formation), Ecuador 
(Angostura Formation) and Panama (Chagres Sandstone Member of the Chagres Formation) 
(chapters 2-3 and 5), including the description of the new species of the frilled shark 
†Chlamydoselachus landinii sp. nov. (Figure 1A; Chapter 2).  
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Fossil assemblages characterized by taxa with shallow-water affinities from the 
Neogene of Tropical America are the most common ones referred in previous contributions 
(e.g. Leriche, 1938; Santos and Travassos, 1960; Santos and Salgado, 1971;  Kindlimann, 
1990; Kruckow and Thies, 1990; Iturralde-Vinent et al., 1996; Reis, 2005; Alván et al., 2007; 
Costa et al., 2009; Aguilera, 2010; Pimiento et al., 2013a, 2013b). The assemblages described 
in chapters 2-4 and 6, from mainly Miocene and Pliocene units of Ecuador (Onzole, Canoa 
and Jama formations), Panama (Rio Indio Member, Chagres Formation), and Venezuela 
(Cantaure, Socorro, Urumaco and Codore formations), provide new insights about neritic 
faunas and their associated paleoenvironments. An example constitute the assemblages from 
Ecuador (Onzole, Canoa and Jama formations), which represent the most diverse Neogene 
paleodiversity known from the Eastern Pacific coast of Tropical America. In the case of the 
assemblages from Venezuela,  which include the description of the new carcharhinid 
†Carcharhinus caquetius sp. nov. (Figure 1B), the  habitat preference of the living 
counterparts of the fauna recovered from the Urumaco sequence (Socorro, Urumaco and 
Codore formations), suggest marine shallow waters and estuarine habitats associated with a 
geographic area connected with a hydrographic system that flowed from western Amazonia 
up to the Proto-Caribbean Sea during the Miocene (e.g. Sánchez-Villagra et al., 2010; 
Aguilera et al., 2013). These assemblages from the Urumaco sequence could be useful to 
understand the ecological role that elasmobranchs played in these ancient transitional 
environments (Aguilera and Rodrigues de Aguilera, 2004; Aguilera 2010). In addition, the 
assemblage from the Cantaure Formation, which is hypothetically associated to a shallow-
insular high productive marine environment, represents the most diverse elasmobranch fauna 
known to the early Miocene of the America continent. Its paleodiversity characterized by 39 
shark and ray species, with a predominance of benthopelagic sharks with piscivorous 
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durophagous/cancritrophic feeding preferences, represent a unique glimpse into elasmobranch 
dietary composition and food chain in the ancient proto-Caribbean Sea.  
 
 
 
 
Figure 1. Specimens of new species of deep (A) and shallow (B) waters described in this work. A. 
†Chlamydoselachus landinii sp. nov.  (PPP-3455-T-1), from the late Miocene of Ecuador, and B. 
†Carcharhinus caquetius sp. nov. (AMU-CURS-499), from the late Miocene of Venezuela.  
 
The known Tropical America extant chondrichthyan diversity is characterized by a 
total of 276 species of chimaeras, sharks and rays (Eastern Pacific: 145 spp.; Western Atlantic 
181 spp.; see Chapter 1). Notwithstanding the fragmentary nature of the fossil record, it can 
offer new insights to understand the origin and distribution pattern of the living species from 
this marine tropical area. One approximation to the chondrichthyan palaeodiversity from 
Tropical America is presented in the Figure 2, where a comprehensive Miocene-Pleistocene 
total faunal compilation based on new and published data is presented. The data were 
standardized at the generic level; in order to remove biases caused by taxonomic and 
nomenclatural uncertainties at the species level.  
 Throughout the Neogene the paleodiversity of Tropical America has not been the 
same, especially shark genera, in both Eastern Pacific and Western Atlantic (Figure 2).  The 
differences could be the result to a significant extent of biases resulting from the scarce 
chondrichthyan fossil record known of the region, especially in the Eastern Pacific. The clear 
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difference between sharks and rays paleodiversity could be affected by biases introduced by 
sampling of dental elements, especially those associated with size. Usually, shark and ray 
(e.g. Myliobatidae and Rhinopteridae) teeth, due their bigger size, have more probabilities to 
be surface-collected directly from the outcrop. In contrast, dental elements of many ray and 
shark species [e.g. many species of Squaliformes and Carcharhiniformes (Scyliorhinidae)], 
are characterized by micro-teeth, requiring special collecting technics such as screen-washing 
and microscopically picking. With the exceptions of the assemblages described herein 
(chapters 2-6), and those previously referred by Laurito (1999), Aguilera and Rodrigues de 
Aguilera (2001) and Pimiento et al. (2013a, b), little was known about the Tropical America 
shark/ray paleodiversity based on micro-dental elements. In addition, an important contrast in 
the number of genera affecting both shark and ray paleodiversity, can also be observed in the 
Pleistocene fossil record (Figure 2). At first glance it appears that this low Pleistocene 
diversity could be related to an extinction process. However, the answer for this low 
paleodiversity is sampling bias. Pleistocene units from Tropical America with chondrichthyan 
assemblages are extremely rare, including only few taxa from Eastern Pacific (Ecuador and 
Panama) and Western Atlantic (Venezuela) (Aguilera, 2010; Chapter 1; Carrillo-Briceño and 
Sánchez-Villagra in prep.).  
 
 
 
 
Figure 2. Neogene chondrichthyan paleodiversity of Tropical America in both Eastern Pacific and 
Western Atlantic. From Carrillo-Briceño and Sánchez-Villagra (in prep). 
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Tropical marine areas in both Eastern Pacific and Western Atlantic are 
environmentally heterogeneous (Spalding et al., 2007), with a marked differentiation referable 
to abiotic variables such as temperature, salinity, bathymetry, coastal length, currents, 
continental platform, rivers discharge to the oceans, among others (e.g. Miloslavich et al., 
2011). These variables changed especially after the rise of the Central American land bridge 
(e.g. O'Dea et al., 2007a; Coates, and Stallard, 2013), and affected the marine biota (e.g. 
O'Dea et al., 2007a). The differential pattern in extant chondrichthyan diversity from Tropical 
America in both Eastern Pacific and Western Atlantic shown in Figure 4 (Chapter 1) could be 
a direct consequence of changes in the above mentioned variables, as well as other 
biotic/ecological variables (e.g. food resources, physiological conditions). Assuming the 
above, the question arises: Did the biotic/abiotic variables in both Eastern Pacific and Western 
Atlantic explain the chondrichthyan paleodiversity patterns shown in Figures 2-3, or are these 
mainly the result of sampling bias? The pattern surely reflects real phenomena. However, with 
the currently paleodiversity known (Figure 2), accurate interpretations are still preliminary. 
These strategies would be followed to improve this situation. 1) Increase the number of 
studied assemblages with accurate environmental (e.g. paleobathymetric analysis) and 
paleoecological inferences (e.g., dietary composition and feeding and habitat preferences). 2) 
Use of geochemical analysis (e.g. stable isotope on dental elements) of the known 
chondrichthyan assemblages, used to infer paleotemperatures and paleosalinity levels. Our 
ongoing work of the assemblages from the early Miocene of Brazil (Pirabas Formation) and 
Colombia (Jimol and Castilletes formation) (Carrillo-Briceño et al., and Aguilera et al., both 
in prep.), includes the use of stable isotope in sharks and rays teeth.  
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Figure 3. Shared/Unshared fossil genera in both the Eastern Pacific and Western Atlantic. From 
Carrillo-Briceño and Sánchez-Villagra (in prep). 
 
Taking under consideration a plausible chondrichthyan faunal interchange through 
marine corridors in the Panamanian area before the definite closure of the isthmus (e.g. 
Montes et al., 2012, 2015; Coates and Stallard, 2013) we should expect a high taxonomic 
commonality between Eastern Pacific and Western Atlantic chondrichthyans, with a faunal 
turnover suggesting environmental changes towards the end of the Neogene. In contrast, 
Figure 3 shows a pattern where unshared genera (especially sharks) are dominant in all 
Miocene-Pliocene assemblages. The strong difference observed in early Miocene 
assemblages, could be assumed due the scarce Eastern Pacific assemblages known from this 
time (see chapter 6). The numbers of shared/unshared genera are more similar in middle 
Miocene-Pliocene assemblages; besides the fossil biases, the high proportion of unshared 
shark genera could be a response to differences in the proportion of the studied 
paleoenviroments. Most of the fossil assemblages known from Tropical America are 
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associated to shallow waters, while those associated to deep environments have been scarcely 
studied (chapters 2-3, 5). One example are Squalomorphii sharks (especially Hexanchiformes 
and Squaliformes taxa), associated to deep water environments, better known in the fossil 
record from the Western Atlantic assemblages (chapters 3, 5; Carrillo-Briceño and Sánchez-
Villagra, in prep).  
Our survey (Figures 2-3), still does not offer a direct biostratigraphic inference to 
support any of the two postulated timings proposed for the closure of the Panama Isthmus 
(e.g. Montes et al., 2012, 2015; Coates and Stallard, 2013).  However, clues related with 
possible consequence of “post-Isthmus” environmental changes can be observed. Our analysis 
(Carrillo-Briceño and Sánchez-Villagra, in prep) reveal regional or complete extirpation of 
many Eastern Pacific and Western Atlantic shark/ray taxa (mainly neritic/epipelagic species) 
from Tropical America (Table 1), especially during late Miocene-Pliocene times. At least 
three genera became regionally extirpated in the Eastern Pacific (Centrophorus, Pristiophorus 
and Carcharhias) and two in the western Atlantic (Heterodontus and Aetomylaeus). 
Moreover, another 13 genera became extinct in both Eastern Pacific and Western Atlantic 
oceans (Trigonognathus, Nebrius, Chiloscyllium, †Cosmopolitodus, †Carcharocles, 
†Anotodus, Hemipristis, Paragaleus, †Paratodus, †Pachyscyllium, †Kruckowlamna, 
Rhynchobatus, and †Plinthicus). This late Neogene chondrichthyan extirpation/extinction in 
both Eastern Pacific and Western Atlantic relatively coincides with the extinction rate of other 
marine groups (corals and mollusks) in the Caribbean area (O'Dea et al., 2007a, fig. 3). 
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Squalomorphii Squaliformes Squalidae Centrophorus RE P X
Etmopteridae Trigonognathus RE RE X
Pristiophoriformes Pristiophoridae Pristiophorus RE P X X
Galeomorphii Heterodontiformes Heterodontidae Heterodontus P RE X
Orectolobiformes Hemiscyllidae Chiloscyllium  RE RE X
Ginglymostomatidae Nebrius RE RE X
Lamniformes Odontaspidae Carcharias RE P X
Lamnidae †Cosmopolitodus X ?
†OtodonƟdae †Carcharocles X ?
†Paratodus  X ?
Alopiidae †Anotodus  X ?
Carcharhiniformes  Scyliorhinidae †Pachyscyllium X ?
Hemigaleidae Hemipristis RE RE X
Paragaleus RE RE X
Carcharhinidae †Kruckowlamna X ?
Batiomorphii Rajiformes Rhynchobatidae Rhynchobatus RE RE X
Myliobatidae Aetomylaeus P RE X
Mobulidae †Plinthicus X ?
Taxon Eastern 
Pacific
Western 
Atlantic
Status
W‐Ext
Neritic/ 
Epipelagic
Bathyal/Meso‐
Bathypelagic
Habitat preferences
W‐Ext
W‐Ext
W‐Ext
W‐Ext
W‐Ext
W‐Ext
 
 
 
 
 
 
 
 
Table 1. Extirpated/extinct chondrichthyan taxa from Tropical America. Status: Regional extirpated 
(RE), extant species presented on the region (P), species worldwide extint (W-Ext). †: extinct taxon.  
 
The future study of the chondrichthyan paleodiversity of Tropical America could be 
focused on these objectives:  
- Continuation of the studies of fossil assemblages in both Eastern Pacific and Western 
Atlantic, especially in search of micro-dental elements, which could offer new information 
about poorly studied fossil groups, such as Rajiformes and Torpediniformes, among others, 
especially those with dental remains below a size of 2 mm (not sampled in the current work).  
- Increased use of stable isotope analysis in fossil assemblages [e.g. the ongoing 
oxygen isotope composition analysis for assemblages from the early Miocene of Colombia 
and Brazil (Carrillo-Briceño et al., and Aguilera et al., both in prep.)], which are used as 
proxies for describing environmental and ecological conditions. 
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- Increased efforts in Pleistocene geological units, due the scarce diversity known from 
that period. It was in that time, after the definitive closure of the Isthmus of Panama, when 
different oceanographic events occurred in the region, triggering the beginning of the 
currently chondrichthyan diversity in both Eastern Pacific and Wester Atlantic oceans. Added 
to this, the incursion of new methods, such as molecular analysis of chondrichthyan genera 
present in both side of the Isthmus of Panama, using time-calibrated hypothesis, could be 
useful to infer divergences and speciation patterns.  
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APPENDIX I 
 
 
Late Neogene elasmobranch fauna from the Coquimbo Formation, 
Chile 
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APPENDIX II 
 
 
The Path towards Endangered Species: Prehistoric Fisheries in 
Southeastern Brazil 
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